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INTRODUCTION 


The  purpose  of  this  experiment  was  to  characterize  the  overall  survivability  and  to  quantify 
the  increase  in  friction  of  three  sets  of  bearings  due  to  typical  artillery  cannon  launch  spin  and 
acceleration  loads.  The  variable  sought  was  the  change  in  spin-down  time  of  the  bearings,  due  to 
pure  spin;  air  gun  shots;  and  other  factors.  The  spin-down  times  can  be  used  in  calculating  the 
bearing  friction  torque,  if  required.  For  the  Drag  Optimized  Navigation  (DRAGON)  program,  the 
bearings  would  be  used  to  decouple  the  fuze  from  the  remainder  of  the  body  to  mitigate  drive 
actuation  issues  and  spin-related  effects  on  the  sensor  package.  The  three  bearings  tested  included 
a  generic  ball  bearing  made  by  SPB  USA  LLC  (6907),  a  SKF  single  row  deep  groove  ball  bearing 
(61907  C3),  and  a  Kaydon  thin  section  bearing  with  plastic  cage  (KAA17CL0). 


BACKGROUND 

A  bearing  is  typically  selected  based  on  multiple  calculated  values  that  assumes  the  bearing 
will  be  spun  for  one  million  cycles  (i.e. ,  to  failure).  Axial  and  radial  loads,  both  static  and  dynamic, 
should  be  considered.  Bearings  rated  for  both  high  bearing  load  and  high  spin  conditions,  and  for  a 
significantly  lower  number  of  cycles,  do  not  widely  exist.  Testing  bearings  in  high  spin  and  high  axial 
load  applications  would  give  a  better  idea  of  their  survivability  on  a  guided  artillery  round.  Specific¬ 
ally  for  DRAGON,  the  bearings  would  decouple  the  fuze  from  the  projectile,  potentially  decreasing 
the  actuator  power  input.  Canards  would  be  implemented,  with  a  slight  cant  angle  in  order  to  slow 
down  the  front  end  of  the  fuze.  The  bearing  friction  torque  is  an  important  factor  -  a  high  value  of 
friction  would  not  allow  the  fuze  to  spin-down  as  quickly  and  begin  functional  operation.  For  this 
experiment,  a  longer  bearing  spin-down  time  corresponds  to  decreased  bearing  friction. 


EXPERIMENTAL  SETUP 

The  experiment  took  place  in  an  armored  box  located  at  the  Environmental  Test  Facility,  U.S. 
Army  Armament  Research,  Development  and  Engineering  Center  (ARDEC),  Picatinny  Arsenal,  New 
Jersey.  For  each  bearing  type  to  be  tested,  two  bearings  were  pressed  and  preloaded  according  to 
manufacturer  specifications  into  a  custom  test  cartridge.  A  direct  current  motor  was  mounted  into  a 
translating  tube  that  allowed  the  motor  shaft  (with  a  torque  feature)  to  spin-up  the  bearings  in  the  test 
cartridge.  Figure  1  shows  a  cross-section  rendering  of  the  test  setup. 


Figure  1 

Cross-section  of  test  setup 
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A  pull  cord  was  attached  to  the  motor  tube,  allowing  operators  to  disengage  the  motor  from 
the  test  cartridge  behind  a  concrete  wall.  An  optical  fiber  encoder  recorded  the  revolutions  of  the 
bearings.  A  powered  limit  switch  allowed  the  data  acquisition  team  to  know  the  precise  time  when 
the  motor  was  disengaged  and  the  bearings  were  de-spinning  due  to  their  own  friction.  Encoder 
output,  along  with  the  high-low  transition  of  the  limit  switch  was  collected  in  MATLAB  and  reduced  to 
revolutions  per  minute  (RPM)  versus  time  plots.  During  the  trials,  an  oscilloscope  provided  a  live 
reading  of  the  spin  rate  from  the  square  wave  output  of  the  encoder.  A  handheld  infrared  thermo¬ 
meter  was  used  to  periodically  check  the  temperature  of  the  bearing  cartridge  and  drive  motor 
housing.  Figure  2  shows  the  actual  experimental  setup  from  the  exterior  of  the  armored  box. 


Figure  2 

Outside  of  box,  various  components  displayed 


TESTING  CONDITIONS 

Each  bearing  pair  was  initially  spun  to  a  target  steady-state  speed  of  250  Hz  (or  to  the 
maximum  operational  power  input  of  the  motor).  After  spinning  the  bearings  at  steady-state  for 
approximately  30  sec,  the  bearings  spun  down  inside  the  cartridge.  This  process  was  repeated  for 
up  to  nine  trials.  Each  bearing  pair  was  then  extracted  from  their  spin  cartridge  and  pressed  into  a 
custom  rig  to  shoot  them  once  in  a  155-mm  air  gun  (non-spinning  round).  Then,  the  bearings  were 
pressed  back  into  their  original  spin  cartridges  and  spun  for  another  set  of  up  to  12  trials.  All  spin 
trials  were  conducted  at  ambient  conditions  (approximately  80°F).  The  experimental  process  is 
summarized  next. 

Bearings  from  Supplier 
Condition  A 

Spin-Up: 

Planned  runs  per  bearing  pair:  5 

Maximum  speed  to  be  driven:  15000  RPM  (250  Hz) 

Time  at  maximum  speed:  30  sec 
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Condition  B 


Air  gun  shots: 

Shots  per  pair:  1 

Setback  acceleration:  approximately  14,000  g’s 

Condition  C 

Spin-Up,  post-air  gun: 

Planned  runs  per  bearing  pair:  5 

Maximum  speed  to  be  driven:  15000  RPM  (250  Hz) 

Time  at  maximum  speed:  30  sec 

Condition  D 


RESULTS 

Bearing  survivability  under  projectile  spin  rates  and  gun  launch  accelerations  is  critical  for 
fuze  decoupling.  After  the  experiment  was  complete,  all  of  the  bearings  were  operational.  Each 
bearing  pair  spun  freely  by  hand,  and  there  was  no  visible  damage  to  the  cages.  It  is  critical  that  the 
bearings  survive  the  loading  cases  applied  during  this  experiment  since  they  serve  as  a  preliminary 
indicator  of  how  the  bearings  would  survive  under  projectile  gun  launch  and  flight.  The  quality  of  the 
selected  bearings  is  clearly  visible  in  figure  3.  The  generic  ball  bearings  have  the  greatest  friction 
out  of  the  box  (least  spin-down  time). 


Figure  3 

Spin  rate  versus  time  for  the  initial  spin-down  trial  directly  from  supplier  (condition  A) 
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After  running  the  bearings  for  six  to  nine  trials,  the  bearings  “break-in”  and  spin  friction 
decreases.  For  example,  the  generic  ball  bearings  experience  a  spin-down  time  increase  of  330% 
after  nine  spin-down  trails.  The  spin-down  time  increases  after  the  first  set  of  spin  trials  and  is 
clearly  shown  in  figure  4. 


Figure  4 

Spin  rate  versus  time  for  the  last  spin-down  trial  prior  to  air  gun  shot  (condition  B) 

By  subjecting  the  bearings  to  air  gun  loads,  it  was  expected  that  there  would  be  a  decrease  in 
spin-down  time  due  to  degradation  of  the  races.  Figure  5  shows  the  decrease  in  spin-down  time  due 
to  effective  increase  in  friction  from  air  gun  loading. 


Figure  5 

Spin  rate  versus  time  for  the  initial  spin-down  trial  after  air  gun  (condition  C) 
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The  generic  ball  bearings  experienced  the  greatest  decrease  in  spin-down  time  due  to  air 
gun  loads.  In  contrast,  the  SKF  and  Kaydon  bearings  had  only  a  minor  decrease  in  spin-down  time 
and  thus  will  perform  better  when  subjected  to  gun  launch  setback  loads.  The  effects  of  the  air  gun 
were  only  present  for  the  few  spin-down  trials  immediately  after  shooting.  Figure  6  depicts  the  spin- 
down  profile  for  the  bearing  pairs  after  a  single  air  gun  shot  and  the  second  round  of  spin-down  tests 


Figure  6 

Spin  rate  versus  time  for  the  final  spin-down  trial  after  air  gun  (condition  D) 

One  of  the  main  objectives  of  this  experiment  was  to  determine  representative  spin-down 
times  to  eventually  estimate  bearing  friction.  Break-in  has  to  be  considered  in  this  decision.  In 
almost  all  spin-down  trials,  the  bearings  continually  spun  for  a  longer  duration  as  compared  to  the 
previous  trial.  However,  the  law  of  diminishing  returns  applies,  and  the  bearings  spin-down  times 
began  to  converge  for  sequential  trials.  Break-in  is  highly  undesirable  in  a  production  setting  where 
resources  are  not  readily  available  to  break-in  off-the-shelf  components  prior  to  assembly.  The  final 
spin  trial  of  each  bearing  pair  provides  the  optimal  spin-down  time  with  respect  to  break-in.  In  addi¬ 
tion,  the  representative  times  must  be  calculated  from  the  post-air  gun  trial  set  since  the  bearings  will 
be  subjected  to  setback  loads  in  operation.  As  a  result,  the  final  spin-down  time  post-air  gun  will  be 
the  representative  for  future  friction  torque  calculations.  The  times  are  summarized  in  table  1 . 

Table  1 

Spin-down  times  for  friction  determination  (final  trial,  post-air  gun) 


Bearing  set 

Spin-down  time  (sec) 

SKF 

41.6 

Generic 

26.6 

Kaydon 

35.5 

For  the  purpose  of  calculating  the  frictional  torque  of  the  bearings,  the  moment  of  inertia  of 
the  material  pressed  into  the  inside  race  of  the  SKF  and  generic  bearings  is  3.48E-04  lbf-s2/in.-in.2. 
The  moment  of  inertia  for  the  Kaydon  bearing  load  is  3.49E-04  lbf-s2/in.-in.2. 
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CONCLUSIONS 


The  two  main  objectives  of  this  experiment  were  to  determine  if  the  bearings  would  survive 
projectile  spin  loads  and  setback  loads  and  to  characterize  the  changes  in  spin-down  profiles  due  to 
these  loads.  In  terms  of  survivability,  the  results  showed  no  degradation  in  performance  due  to  spin. 
Air  gun  loads  only  had  a  temporary  degradation  effect  on  the  bearing  friction  as  compared  to  their 
state  prior  to  air  gunning.  At  the  end  of  the  second  set  of  spin  trials,  all  three  bearing  sets  had  spin- 
down  times  at  or  greater  than  their  times  immediately  before  air  gunning.  Visual  observations  of  the 
bearings  showed  no  damage  after  all  trials  were  complete.  In  terms  of  optimal  spin  profile,  the 
generic  ball  bearings  have  the  least  desirable  performance  characteristics.  They  have  the  greatest 
friction  out  of  the  box  and  at  the  end  of  the  spin  trials  (pre  and  post-air  gun).  Also,  unlike  the  SKF 
and  Kaydon  bearings,  the  generic  ball  bearings  experienced  a  significant  increase  in  friction  after 
being  subjected  to  air  gun  loads.  The  SKF  and  Kaydon  bearings  have  similar  desirable  performance 
characteristics.  If  a  thin-section  bearing  is  required  for  the  decoupling  mechanism,  then  the  Kaydon 
bearing  should  be  considered.  Otherwise,  the  SKF  bearing  is  more  likely  to  survive  when  exceeding 
specification  spin  rates  (since  it  has  a  metal  cage)  and  should  be  considered.  Future  work  should 
entail  subjecting  the  bearings  to  combined  loading  (i.e.,  applying  axial,  radial,  and  spin  loads 
simultaneously)  and  testing  multiple  manufacturing  lots  of  bearings.  It  may  also  be  desirable  to  take 
thermal  effects  into  account  to  represent  changes  in  temperature  of  the  mechanical  assembly  during 
flight. 


6 


DISTRIBUTION  LIST 


U.S.  ArmyARDEC 
ATTN:  RDAR-EIK 
RDAR-GC 

RDAR-MEF,  M.  Mellini 
T.  Recchia 

RDAR-MEF-I 
RDAR-MEF-S,  G.  Miner 

D.  Panhorst 
N.  Gray 
J.  DeVenezia 
RDAR-MEF-E,  E.  Marshall  (4) 

RDAR-MEF-F,  M.  Pica 
RDAR-MEM-M,  J.  Potucek 
Picatinny  Arsenal,  NJ  07806-5000 

Defense  Technical  Information  Center  (DTIC) 

ATTN:  Accessions  Division 

8725  John  J.  Kingman  Road,  Ste  0944 

Fort  Belvoir,  VA  22060-6218 

Commander 

Soldier  and  Biological/Chemical  Command 

ATTN:  AMSSB-CII,  Library 

Aberdeen  Proving  Ground,  MD  21010-5423 

Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-CI-LP,  Technical  Library 
AMSRD-WM-BA,  D.  Lyon 
B.  Davis 
D.  Hepner 
J.  Condon 
T.  Brown 
I.  Celmins 

Bldg  4600 

Aberdeen  Proving  Ground,  MD  21005-5066 
Chief 

Benet  Weapons  Laboratory,  WSEC 

U.S.  Army  Research,  Development  and  Engineering  Command 
Armament  Research,  Development  and  Engineering  Center 
ATTN:  RDAR-WSB 
Watervliet,  NY  12189-5000 

Director 

U.S.  Army  TRADOC  Analysis  Center-WSMR 

ATTN:  ATRC-WSS-R 

White  Sands  Missile  Range,  NM  88002 


7 


Chemical  Propulsion  Information  Agency 
ATTN:  Accessions 

10630  Little  Patuxent  Parkway,  Suite  202 
Columbia,  MD  21044-3204 

GIDEP  Operations  Center 
P.O.  Box  8000 
Corona,  CA  91718-8000 

U.S.  Air  Force  Research  Laboratory 
ATTN:  AFRL-RWPC,  K.  Vanden 

M.  Schmidt 
D.  Reding 

AFRL-RWMF,  J.  Foley 
101  W.  Eglin  Blvd.,  Bldg.  13 
Eglin  AFB,  FL  32542-6810 

Commander, 

NSWC,  Dahlgren  Division 
ATTN:  Code  G33  (Fraysse) 

Bldg  190,  Rm  213 
17320  Dahlgren  Road 
Dahlgren,  VA  22448-5000 


REVIEW  AND  APPROVAL  OF  ARDEC  TECHNICAL  REPORTS 


l3^Af</Al6r  Sct-RViUfllB )L- >  r£.  A*' °  j  I 

fad n ON berefiiv/A/n-TinAj  For  _ ■ 

Title  Fkz-^  Z>£'ccuP*-//v'g-  H^f>uc.f\r>o^s  Date  received  bj  LCSD 


— _  _ rff\fy)£T'  TR' PLOD'S 

Author/Project  Engineer  Report  number  (to  be  assigned  by  LCSD) 


X  _  Rl>4R  _ 

Extension  Building  Author's/Project  Engineers  Office 

(Division,  Laboratory,  Symbol) 

PART  1 .  Must  be  signed  before  the  report  can  be  edited. 

a.  The  draft  copy  of  this  report  has  been  reviewed  for  technical  accuracy  and  is  approved 
for  editing. 

b.  Use  Distribution  Statement  A  X  .  B _ C _ ,  D _ ,  E _ ,  F _ or  X _ for  the  reason 

checked  on  the  continuation  of  this  form . 

1 .  If  Statement  A  is  selected,  the  report  will  be  released  to  the  National  Technical 
Information  Service  (NTIS)  for  sale  to  the  general  public.  Only  unclassified  reports 
whose  distribution  is  not  limited  or  controlled  in  any  way  are  released  to  NTIS. 

2.  If  Statement  B,  C,  D,  E,  F,  or  X  is  selected,  the  report  will  be  released  to  the  Defense 
Technical  Information  Center  (DTIC)  which  will  limit  distribution  according  to  the 
conditions  indicated  in  the  statement. 

c.  The  distribution  list  for  this  report  has  been  reviewed  for  accuracy  and  completeness. 


PART  2.  To  be  signed  either  when  draft  report  is  submitted  or  after  review  of  reproduction  copy. 

This  report  is  approved  for  publication. 

Z£j^f2cn 

Division  Chief  (Date) 


SMCAR  Form  49,  20  Dec  06  supersedes  SMCAR  Form  49,  1  Nov  94. 


i  CLEARANCE  OF  TECHNICAL  INFORMATION  FOR  PI 


ITTHOR/PRODUCER  (S):  ERIC-  r^AKSHAU- 
(yuc-HHE-L.  P/CJ\ 

FFICE  SYMBOL:  RJ>A)j{~ /7)  ER-  £  ,  , , 
HONE/BLDG  #:  9  3  -  EtrA# 


PURPOSE  OF  RELEASE: 


ysamt*  mm 

Presentation 


:  (Divisi&n  level)  £>  \  Approve 

ddC  Remarks: 

rf-  (l  ip  r't  V  L-  O  f  3  _  -  Recomm 

ireetorate/PM  level)  '  Approve 

i  resents  .in  '  . 


Approve 


Remarks: 

Recommend  Distribution:  ? 1 


ATURE  (OPSEC) 


Remarks: 

Recommend  Distribution: 
Approve  IX-I  ^es  r~ 
Remarks: 

Recommend  Distribution: 


PAOL 

333i+-l2~ 


ADDRESS  (I  ’LICA 


COMPANY  Si 


IEETING  TITLE  (If  presentation, speech  or  conference  paper):  , 

[  -,5ii;igL.'refc/ninian  .--se- 

LACE:  if),.  DATEfS):  ,«  :..s , 


ICATION  (Magazine,  journal,  newspaper,  proceeding):  P  /  tC 


1FICA.TI0N:  I  certify  thatthis  piat^ria)  ha|iy>t  begrjc^pjed  substantially 

:hout  written  permission  from  theautnor/producer-and/oesnotcontain  any - [ 

isitive,  potentially  controversial,  FOUO  or  classified  information.  MP  M 

_ _  Au 


UIRED  APPROVALS:  Signatures  below  certify  that  this  material  was  reviewed  fo 
1  implications,  proprietary  Information,  competition-sensiifvtfnfonnation  and  policv 
sly  submitted  for  patent  review,  and  that  the  subject  matter  does  not  fall  under  the  h 


News  Release 


0  Sponsored:  □ 

Solicited  n 


URE  (Paten«Ugal)Pt  inn.  material  gas  nm  jf  Approve  d  [•cf'Yes  j- j  No 
•  t tf  f  /  ■c\n‘Mn,  rhe  author/pro  Jucer  ancb'oes  ri<  .  contain!^  L. 
^ Af/p-sfsf ECiUOorcIa 

_  - _ Recommend  Distribution: 

SIGNATURE  (Contracting  Officer,  if  appropriate)  Approve  □  Yes  j  |  No 

-  l-n  '-r  "nr  r  no- 

Recommend  Distribution: 


^/Prodi 


ileal  a 
lines; 
ilyCrit 

~TI 

VA  L 

ni 

A  C 

Tc 

A  [ 

yc 


DISPOSITION:  BASED  ON  RECOMMENDATIONS  PROVIDED  A  E 
PUBLIC  RELEASE  BASED  ON  THE  APPROVED  DISTRIBUTION  CIRC 

» ?  I—  ■ -3 )  O  _  Recommer'1  •]  ,  - 

level!  - —i re - rre — 


s  Signature 


cy,  classified  informat 
inventions  have  een 
vchnology  List. 

//////2- 

B  I  1  c  F~1  D 

j  □  C  □  D 
Ao/doli 
I  I  C  f~~]  D 

il’zs/zi 

3  □  C  □  D 

□ c  n  d 


iS  GRANTED  FOR 


Recomm  er' 


INMEPPIC-iM  Form  3002,  1  MAR  201 1 

TA:^,r/?j  •/; 


Replaces  AMSTA-AR  Form  3002 


Page  1  c  2 

'-~P=  1-02  -/  a. 


